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Experimental probing of the anisotropy of the empty p states
near the Fermi level in MgB
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We have studied the bordfedge in the superconductor MgBy electron energy loss spectroscopy
(EELS) and experimentally resolved the empptptates at the Fermi level that have previously been
observed within an energy window of 0.8 eV by soft x-ray absorption spectroscopy. Using
angular-resolved EELS, we find that these states at the immediate edge onsgf,havaracter in
agreement with predictions from first-principle electronic structure calculation®20@3 American
Institute of Physics.[DOI: 10.1063/1.1583132

MgB, has received much attention since the discovery ofoss. However, this type of experiment requires large sample
its unexpectedly high superconducting transition temperaturareas of constant thickness and crystal orientation. As MgB
of 39 K! Ground-state electronic structure calculatfols does not have a prominent cleavage plane, it is difficult to
have determined that the boron states near the Fermi levéhd sample areas that are thin enough for EELS studies and
predominantly have p character. Additionally, density func- larger than 100 nm in diameter even if the bulk specimens
tional theory(DFT) calculationgFig. 1)* suggest that thp,,  have been thinned by ion milling or similar means. Thus, in
states exhibit a high density up to 0.8 eV above the Fermorder to obtain a good signal-to-noise ratio, we must usually
level before dropping to near zero and then begin to risesacrifice the very high angular resolution.
again after about 4 eV. The incompletely fillpd, states at Several recent EELS studfés have attempted to sepa-
the Fermi level onset are believed to play an important roleate thep,, and p, states in theB K edge of MgB, by
in the superconductivity of this two-dimensional electron-measuring the anisotropy in the fine structure for two inci-
hole Bardeen—Cooper—Schrieffer superconductor. Figure dent beam directions, namely parallel and perpendicular to
further shows that including the core-hole effect will prima- the crystalc axis. Under these conditions, a small angular
rily lead to a decrease of the high densitymy, states at the spread of the incident beam as well as the collected electrons
Fermi level onset. The states witl) character exhibit a flat (i.e., collection angle<1 mrad for 100 keVis crucial. These
density of states over the range of 10 eV from the Fermiangles must be even smaller at higher acceleration voltages.
level onset. X-ray absorption spectroscdAS) and elec- Due to these demands, there is thus far, no unambiguous
tron energy loss spectroscogigELS) will probe thesep
states in the BX edge. Angle averaged soft XAS of thekB
edge exhibits a peak at the edge onset that is consistent with
a high density ofp states’* By using polarized x-rays, the
symmetry of these statgse., whether they ar@,, or p,
state$ can be determined. However, these experiments re-
quire large single crystals, and, to date, x-ray absorption ex-
periments have yet to be performed on such crystals.

Angle-resolved EELS, an alternative to XAS, relies
upon analysis of high-energy electrons that have undergone
momentum transfer by propagating through a thin specimen.
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Although conventional transmission electron microscopes 0.2

(TEM) lack energy resolution in comparison to XAS, the

increased spatial resolution of EELS provides an invaluable 0.1

tool for probing the local electronic structure of polycrystal-

line materials. Leapmaet al® have further achieved high 0

angular resolution in a TEM by simultaneously observing the 184 188 1?52,.,;33 ,_2::3 (2e°v4) 208 212

EELS spectrum as a function of scattering angle and energy

FIG. 1. DFT ground-state calculations of the density of bopopand p,
above the Fermi levgbottom). The core-hole effect is included in the top
3E|ectronic mail: klie@bnl.gov calculations.

0003-6951/2003/82(24)/4316/3/$20.00 4316 © 2003 American Institute of Physics
Downloaded 11 Jun 2003 to 130.199.3.2. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 82, No. 24, 16 June 2003 Klie et al. 4317

E'Ef (eV) 1 T T T T
0 5 10 15 20 25 £ )
> 2T \\, P)iic
EE R
2 (Pey)
3 zaoer /el 2kl
c 0.4 mrad 3 8 -E -----------------
; EE oal [\ T (pz) ]
s B3 X~ kle
~ ) ”~
8 ; SE J
E 1.5 mrad g -% o2t [
<] - y
8 g £ Py
0.7 mrad j o 3 L 1 L L
0.4 mrad 3 0 2 s 3
4 mrad ; 0/0:
L L L L L L L FIG. 3. Fractional contribution frorp, andp,, as a function of scattering
184 188 192 196 200 204 208 21 angle with the incident beark parallel to thec axis (klic) and incident
Energy Loss (eV) beam perpendicular to the axis (kLc). With the incident beam perpen-

dicular to thec axis these curves depend on azimutal angle. In this figure,
FIG. 2. (a) EELS spectra recorded with the incident beam alongctlgis we have averaged over the azimutal angle.
with effective collection angles of 0.4, 0.7, and 1.5 mrdd.EELS spectra
recorded with the incident beam perpendicular to ¢hexis with effective
collection angles of 0.4, 0.7, and 1.5 mrad. Each spectrum represents tigalculate the spectrum for a finite collection angle, we have

sum of 15 individual spectra, obtained with 2—5 s acquisition time, a dis+t5 consider the cross section variation with scattering angle
persion of 0.2 eV/channel, and subsequently background subtracted. and integrate over the range of scattering an@MBth the

incident beam along the axis, as is the case in Fig(&2, we
experimental determination of the symmetry of fhestates thus predominantly probe the, states for collection angles
just above the Fermi level in MgB smaller than 0.5 mrad, while the contribution frgm, in-

The EELS results were obtained using the JEOL-3000Freases with collection angle. For an incident beam parallel
scanning TEM/TEM, equipped with a Schottky field- to thec axis, thep,, contribution approach 100% at large
emission source operated at 300 keV, an ultrahigh-resolutioscattering angle. Even at 1 mrad3 6/ 6g), an angle well
objective lens pole piece, and a postcolumn Gatan imagingelow the regime where the dipole approximation starts to
filter. The microscope and spectrometer were setup for TEMbreak down, thep,, contribution is already 90%. The trend
with a “parallel illumination,” where the convergence angle is different with the incident beam normal to theaxis[Fig.

(@) is chosen to be less than 0.4 mrad and the spectromettb)]. We have to emphasize however, that the anisotropy in
collection anglef. variable between 0.4 and 1.5 mrad. 15 the plane with the incident beam normal to thexis neces-
individual EEL spectra of thd3 K edge (acquisition time: sitates one to average over the azimuthal angle. This will
2-5 9 are added to increase the signal-to-noise ratio of theesult in a 50% mixture of both thg,, and thep, contribu-
near-edge fine structure. tions.

Figure 2a) shows the B edge with the incident beam Significantly larger orientation selectivity can therefore
parallel to thec axis for three different effective collection be achieved by displacing the incident beam so that we col-
angles(0.4, 0.7, and 1.5 mragFig. 2(b) shows similar spec- lect electrons that are scattered at least 0.5 mrad. The en-
tra with the incident beam perpendicular to thexis. The trance aperture of the spectrometer is chosen to correspond
shoulder at the edge onset decreases with increasing colleto a collection angle in excess of 0.4 mrad. Figure 4 shows
tion angle in Fig. 2a), whereas the trend is opposite in Fig. two spectra that fulfill these experimental conditions. Spec-
2(b). Furthermore, in Fig. @), the peak located at 203 eV in trum [Fig. 4(a)] is taken with the incident beam perpendicu-
the 1.5 mrad spectrum shifts toward the lower end of thdar to thec axis, and the center of the entrance aperture is
spectrum with decreasing collection angle. The opposite cadisplaced by, =1.2 mrad toward thé001) diffraction spot;
be observed in Fig.(®), where the peak shifts from 201 eV the collection angle ranges from,=0.7 mrad to6.=1.7
in the 1.5 mrad spectrum to 202.5 eV in the 0.4 mrad specmrad. By displacing the aperture by 1.2 mrad toward the
trum. All of these features can be understood by considering001) diffraction spot, the majority of the spectral weight is
the momentum transfer selection of the spectrometer erchosen from the, contributions. The shape of thekBedge
trance aperturBand the DFT calculations of thelB edge?  exhibits a high intensity prepeak that remains constant over
Figure 1 shows that thp, states have a uniform density of the range of 5 eV, which is in agreement with the first-
states at the Fermi level, extending more than 5 eV, while th@rinciple calculations. Although the DFT calculatidfig. 1)

Pxy States within this energy window have a high peak at 18&uggest a featureless spectrum for energies up to 15 eV
eV with a energy width of 0.8 eV. The highest density of theabove the Fermi level, a distinct peak at 194 eV, attributable
p, states can be found at 201 eV, whereas the highest density the remaining,, contribution, can be seen in the experi-
of p,y states is located at 203 eV. mental spectrum. Spectruffrig. 4(b)] shows the results of

Figure 3 shows the contribution gf, and p,, by the the displaced entrance aperture with thaxis parallel to the
momentum transfer parallel and perpendicular to the incidenihcoming electron beam. The displacement of the aperture is
beam direction as a function of scattering angle. Note thathosen to b&y=1.2 mrad. With the displaced aperture more

these calculations are for discrete scattering directions; tthan 90% of the total spectral contribution originates from
Downloaded 11 Jun 2003 to 130.199.3.2. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



4318 Appl. Phys. Lett., Vol. 82, No. 24, 16 June 2003 Klie et al.

E-E (eV) the individual components of the IB edge prepeak can be
o 5 10 15 20 25 directly separated. The shoulder at th& Bdge threshold,
' ' a) l;J.c, 0ID=1.I2 mr:li d ] which originates from transitions into the states decreases

; with the momentum transfer perpendicular to theaxis,

whereas a sharp peak just at the Fermi level rises with in-
creasing fraction of the momentum transfer normal toche
axis. This leaves little doubt that the peak, previously ob-
served by XAS at the Fermi levélhas Pxy Character in
agreement with first-principle calculations without a core-
hole effect.

Concluding, we have shown that thg, peak at the
Fermi level can be resolved in the experimental spectra, even
] with an energy resolution of more than 1.0 eV. This better
] understanding of the near-edge fine structure of tiedgige
T T will allow us to directly evaluate the effects of dopants, point

184 188 192 196 200 204 208 212 defects, and grain boundaries on the local superconducting
Energy Loss (eV) charge carrier concentration. Further, the comparison with
FIG. 4. Spectrum with the incident beam along and perpendicular to the different kinds of density of states calculations will clarify

axis. The diameter of the entrance aperture corresponds to an angle of 1ithe importance of the transition matrix elements on the cal-
mrad and is displaced from the forward direction by 1.2 mrad. culated BK-edge fine structure.

b) K|[c, Op=1.2 mrad
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